Differential carrier lifetime measurements were performed on index-guided oxide-confined vertical cavity surface emitting lasers operating at 980 nm. Lifetimes were extracted from laser impedance measurements at subthreshold currents, with device size as a parameter, using a simple small-signal model. The carrier lifetimes ranged from 21 ns at 9 A, to about 1 ns at a bias close to threshold. For a 6ϫ6 m 2 oxide aperture device the threshold carrier density was n th ϳ2ϫ10 18 cm
͑Received 10 July 1998; accepted for publication 14 December 1998͒ Differential carrier lifetime measurements were performed on index-guided oxide-confined vertical cavity surface emitting lasers operating at 980 nm. Lifetimes were extracted from laser impedance measurements at subthreshold currents, with device size as a parameter, using a simple small-signal model. The carrier lifetimes ranged from 21 ns at 9 A, to about 1 ns at a bias close to threshold. For a 6ϫ6 m 2 oxide aperture device the threshold carrier density was n th ϳ2ϫ10 18 cm
Ϫ3
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Carrier lifetime measurements are an important tool in semiconductor laser characterization. 1, 2 Recently, a new electrical technique for differential carrier lifetime measurements was developed. 2 It originally applied to edge emitting lasers with bulk active region. More recently, it has been applied to vertical cavity surface emitting lasers ͑VCSELs͒ 3 with quantum wells ͑QWs͒ in the active region. In this letter, experimental results on differential carrier lifetimes in indexguided oxide-confined VCSELs are reported. Lifetimes were obtained from laser impedance measurements at subthreshold currents and the equivalent circuit modeling. Threshold carrier densities and the corresponding recombination parameters were calculated as a function of device size. In addition, the effect of lateral carrier diffusion out of the active region was also considered.
Devices studied in this work were oxide-confined InGaAs VCSELs lasing at 980 nm. The current aperture was obtained by partial oxidation of two quarter-wavelength GaAlAs layers. 4 Lasers with aperture sizes in the range of 6-12 m had room temperature threshold currents from 220 to 600 A. The laser impedance was measured from 1 MHz up to 3 GHz. Measurements were performed for bias currents between 9 A and threshold. Figure 1 presents the frequency dependence of the measured impedance of a device with a ϳ8ϫ8 m 2 active region, with a threshold current I th Ϸ240 A, at 40 A of drive current. The measured laser impedance was modeled using the small-signal subthreshold equivalent circuit shown in the inset of Fig. 1 . The parameters included in this model were the following: an inductance L associated with a bond wire, a parallel combination of a resistance R m and capacitance C m associated with the top mirror interfaces, and a parallel combination of a resistance R d and a capacitance C a representing the active region. The impedance of the bottom mirror was neglected. The total impedance of the circuit can be written as
͑1͒
where d ϭR d C a is the characteristic time equal to the differential carrier lifetime. 5, 6 This model does not consider the carrier transport and capture dynamics discussed elsewhere 7, 8 because it was assumed that the capture time is small and the escape time from the wells is very large compared to the carrier lifetime in the wells. In this simple model, d is the effective lifetime of the carriers confined in the quantum wells, without considering the carrier distribution in the barriers and separate confinement regions.
Bias dependence of circuit parameters was studied as a function of device size. The differential carrier lifetimes were extracted by fitting the real and imaginary parts of the a͒ Electronic mail: nusgg@ttacs.ttu.edu b͒ Also with Sandia National Laboratories, Albuquerque, NM 55448. The carrier density n and the drive current I are related by the rate equation
where D is the diffusion coefficient, e is the electron charge, V a is the active region volume, and R(n) is the total recombination rate. In the steady state, ‫ץ‬n/‫ץ‬tϭ0, and assuming that the carrier density does not vary significantly over the active region dimensions, the diffusion term in Eq. ͑2͒ is neglected. The recombination rate R(n), without stimulated emission, is usually related to the carrier concentration n through the expression R(n)ϭAnϩBn 2 ϩCn 3 , where the first term is attributed to nonradiative recombination such as trap and surface recombination, the second term is the spontaneous emission rate, and the third term describes the Auger recombination. 9 The differential carrier lifetime is defined as the derivative of the recombination rate
The recombination coefficients can now be evaluated considering that the injected current is related to the carrier density by
where k is the injection efficiency, and A, B, and C are the nonradiative, radiative, and Auger recombination coefficients, respectively. Depending on the device size, lateral diffusion of carriers out of the active region could be an important mechanism limiting the laser performance. For each device size, the effect of lateral diffusion of carriers was studied by first determining the lifetime as a function of the drive current. Threshold carrier density and recombination parameters were then determined by defining an effective volume of the active region V eff . The effective volume consists of the real device active volume V a and the diffused region. Thus, to obtain the recombination coefficients and the threshold carrier density from the measured differential lifetime, the injected current and the total recombination rate were related by
where V eff is the effective active region volume defined as V eff ϷN w L w r eff 2 . Here, N w is the number of QWs in the active region, L w is the thickness of the QWs, and r eff is an equivalent radius approximated by r eff Ϸ2ͱD d ϩr o , where r o is the nominal active region radius without carrier diffusion. The threshold carrier density and recombination parameters were calculated taking kϭ0.9, 10 and fitting the differential carrier lifetime as a function of injected current with both expressions, Eqs. ͑3͒ and ͑5͒. Using the same approach for each device size, the fitting procedure yielded threshold densities of n th ϳ1.70ϫ10
18 cm Ϫ3 for both 12 and 8 m and 1.95ϫ10
18 cm Ϫ3 for 6 m device diameters. Differential lifetimes obtained from impedance measurements are plotted as a function of the bias current, with the device size as a parameter, in Fig. 3 . The lifetimes obtained for oxide defined lasers are larger than the lifetimes obtained previously for GaAs gain guided QW VCSELs, with similar active volumes. 3 To further confirm the data, and to check the validity of the proposed equivalent circuit, carrier lifetimes were also measured using the traditional small-signal optical response technique. 1 The optical response was obtained with an optical spectrum analyzer and a fast photodetector with a flat response from 1 MHz to 1 GHz. The measured response was corrected for the laser impedance, to account for the frequency dependent modulation amplitude, and fitted with a single-pole response function. The results are shown in the inset of Fig. 3 . Good agreement was obtained between the lifetime values measured by the electrical and optical techniques. For each of the devices studied in this work, the threshold carrier density value, recombination parameters, and diffusion coefficient were obtained from the fit to lifetime dependence on the drive current.
It was possible to obtain a good fit to the experimental d (I) characteristics using the same values of A, B, C, and D coefficients for all the device sizes. The parameter A, usually associated with nonradiative recombination, was considerably smaller (Aϳ1ϫ10 5 s
Ϫ1
) than the values found previously in gain guided VCSELs (Aϳ0.5-2.5ϫ10 8 s
). 5 This suggests that the nonradiative, defect related, recombination processes are negligible in our lasers. The radiative recombination coefficient estimated here, Bϳ1.3ϫ10 Ϫ10 cm 3 s
, is the same as the value recently reported in In 0.35 Ga 0.65 As/GaAs edge emitting multiple QW lasers. 11 The values of Auger recombination coefficients found in the literature present noticeable differences depending on the particular method of measurement and the material system. In general, the values reported for InGaAs QWs are higher than those for GaAs and AlGaAs QWs. 12 The Auger coefficient Cϳ4ϫ10 Ϫ29 cm 6 s Ϫ1 estimated for our devices, for all threshold carrier densities extracted here, is approximately one order of magnitude higher than the value obtained previously for GaAs QW VCSELs. 3 The best fit of the experimental data was obtained with a diffusion coefficient Dϳ11 cm 2 s
. This result was independent of the device size. The diffusion of carriers out of the active region is commonly considered in the rate equations, defining a surface recombination velocity S eff of magnitude 13 S eff ϷͱD/ d . Using this expression at threshold, where d Ϸ1 ns for both 6ϫ6 and 12ϫ12 m 2 oxide aperture devices with I th ϳ220 and 600 A, respectively, a value of S eff ϳ1ϫ10 5 cm/s was obtained. That it is in good agreement with previously reported values 14 for strained InGaAs/ GaAs QW lasers, which where in the range of 1 -2 ϫ10 5 cm/s. Despite the relatively poor lateral carrier confinement, the estimated threshold carrier density of these oxide confined VCSELs is comparable to edge emitting lasers 2, 11 and much lower than the estimated previously for implanted VCSELs. 3 This would indicate that carrier spreading due to diffusion is not seriously limiting the operation of the VCSELs studied in this work. For very small devices, the values of R m and R d become very large at small currents. This fact sets a limitation on the technique applied here, since the A, B, C, and D parameters cannot be accurately determined at very low bias currents. Hence, for very small devices, it would be necessary to solve the rate equation Eq. ͑2͒ including the diffusion term to get a more accurate estimation of the diffusion influence. 15 However, for devices investigated here the simple approximations are still valid, leading to a consistent set of recombination parameters and diffusion coefficient.
In summary, differential carrier lifetimes of oxide confined VCSELs have been obtained directly from electrical impedance measurements by using a small-signal subthreshold equivalent circuit to model the measured laser impedance. The effects of lateral carrier diffusion on the characteristics of the devices have also been studied. Modeling of the experimental results indicates that carrier spreading due to diffusion is not seriously limiting the operation of the VCSELs studied here. 
